AMMONIUM TRANSPORTER (AMT) proteins are conserved in all domains of life and mediate the transport of ammonium or ammonia across cell membranes. AMTs form trimers and use intermolecular interaction between subunits to regulate activity. So far, binding forces that stabilize AMT protein complexes are not well characterized. High temperature or reducing agents released mono-and dimeric forms from trimeric complexes formed by AMT1;1 from Arabidopsis and tomato. However, in the paralogue LeAMT1;3, trimeric complexes were not detected. LeAMT1;3 differs from the other AMTs by an unusually short N-terminus, suggesting a role for the N-terminus in oligomer stability. Truncation of the N-terminus in LeAMT1;1 destabilized the trimer and led to loss of functionality when expressed in yeast. Swapping of the N-terminus between LeAMT1;1 and LeAMT1;3 showed that sequences in the N-terminus of LeAMT1;1 are necessary and sufficient for stabilization of the interaction among the subunits. Two N-terminal cysteine residues are highly conserved among AMT1 transporters in plants but are lacking in LeAMT1;3. C3S or C27S variants of LeAMT1;1 showed reduced complex stability, which coincided with lower transport capacity for the substrate analogue methylammonium. Both cysteine-substituted LeAMT1;1 variants showed weaker interactions with the wildtype as determined by a quantitative analysis of the complex stability using the matingbased split-ubiquitin assay. These data indicate that the binding affinity of AMT1 subunits is stabilized by cysteines in the N-terminus and suggest a role for disulphide bridge formation via apoplastic N-terminal cysteine residues.
Introduction
Plant ammonium transporters are related to the Rhesus factors in animals and humans and belong to the AMT/ MEP/Rh protein superfamily, with homologues found in bacteria and fungi. AMT/MEP/Rh proteins mediate ammonium uptake or retrieval from the medium, and bacterial and yeast AMT/MEPs have been shown to function as transceptors that are directly involved in ammonium sensing and the control of intercellular ammonium fluxes (Javelle et al., 2004; von Wirén and Merrick, 2004; Yuan et al., 2007) . AMT/MEP proteins are integral membrane proteins with 11 transmembrane-spanning helices, with the C-terminus always being intracellular (Marini and André, 2000; Thomas et al., 2000) . Biochemical studies provided evidence that plant AMTs form trimers (Ludewig et al., 2003) . An analysis of the crystal structure of the bacterial homologues supported assembly in a trimer with an ª The Author [2010] . Published by Oxford University Press [on behalf of the Society for Experimental Biology]. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com extra-cytosolic orientation of the N-termini (Khademi et al., 2004; Zheng et al., 2004; Andrade et al., 2005) . The extracytoplasmic orientation of the N-terminus was experimentally confirmed for the yeast MEP2 protein by mapping of an N-glycosylation site to residue N4 (Marini and André, 2000) . Plant AMT proteins, which share high homology with yeast MEP proteins, have also been predicted to protrude their N-termini into the apoplast (Loqué and von Wirén, 2004; Mayer et al., 2006; Loqué et al., 2007) . The AMT1 proteins tested so far all transport the charged form of ammonium (Ludewig et al., 2002; Mayer et al., 2006; Loqué et al., 2009) .
The functional importance of a trimeric AMT structure was first described for the Escherichia coli protein, which physically interacts with the small trimeric PII protein GlnK that confers a nitrogen-dependent regulation of the ammonium transport activity of AmtB Conroy et al., 2007) . Evidence for an interaction of plant AMTs with a comparable regulatory protein has not yet been found. Co-expression studies, combined with an extensive analysis of C-terminal mutants, have shown that trimeric assembly of AMT subunits plays a central role in cooperative regulation. The co-expression of wild-type AtAMT1;1 and mutated AtAMT1;1 variants in yeast showed that the C-terminus of AtAMT1;1 subunits interacts with the cytosolic domains of the neighbouring subunits. A productive interaction is required for allosteric activation of the complex (Loqué et al., 2007) . Phosphorylation of a conserved threonine in the C-terminus disrupts transactivation of the neighbouring AMT subunit and thus inhibits AMT activity. Phosphorylation of the C-terminus is triggered by external supply of ammonium to the root (Lanquar et al., 2009) . However, despite the importance of trimer formation for the regulation of AMT activity, binding forces that promote assembly of AMT subunits have not yet been described.
Three AMT genes have been isolated from tomato and shown to encode functional ammonium transporters (von Wirén et al., 2000) . LeAMT1;1 and LeAMT1;2 are 75.6% identical at the amino acid level, while LeAMT1;3 diverged significantly and shows <63% identity to either of them. LeAMT1;3 is characterized by a relatively short N-terminus of only 14 amino acids compared with an average length of >40 for the other AMTs (Ludewig et al., 2001) . Electrophysiological studies determined substrate affinities of 10 lM and 60 lM for LeAMT1;1 and LeAMT1;2, respectively (Ludewig et al., 2002 (Ludewig et al., , 2003 . In contrast, LeAMT1;3 has not yet been successfully expressed in Xenopus oocytes (U. Ludewig and N. von Wirén, unpublished) . Moreover, co-expression studies in oocytes demonstrated allosteric transactivation as well as the potential to form hetero-oligomers between LeAMT1;1 and LeAMT1;2 (Ludewig et al., 2003) .
To study factors involved in the oligomerization of AMT proteins, the ability of the three AMT1 proteins from tomato to form complexes was compared using protein gel blot analysis. The N-termini were swapped between LeAMT1;1 and LeAMT1;3 or amino acid substitutions were introduced in the N-terminus of LeAMT1;1 and oligomerization of LeAMT1 proteins was monitored when expressed in yeast. The role of the N-terminal cysteine residues in protein-protein interactions was independently verified using a quantitative mating-based split-ubiquitin system (mbSUS). The results indicate that the stability of trimeric AMT1 complexes relies on the N-terminus and may be conferred by disulphide bridge formation via Nterminal cysteine residues.
Materials and methods
Plasmids, yeast strains, and growth conditions Plasmid preparation, restriction enzyme digestion, and DNA ligation were performed using standard methods. The cloning of LeAMT1;1, LeAMT1;2, and LeAMT1;3 was conducted via PCR amplification of the respective open reading frames (ORFs) from pFL61 (von Wirén et al., 2000) , cloned into pGEM T-easy and subcloned into the yeast expression vector p426HXT7 containing a sequence coding for an N-terminal His tail (kindly provided by Ekkehard Boles, University of Frankfurt, Germany). Restriction sites used for cloning LeAMT1;1 were EcoRI/HindIII and for LeAMT1;2 and LeAMT1;3 they were SpeI/SmaI and BamHI/ XhoI, respectively. The N-termini of LeAMT proteins were defined as the amino acid sequence in front of the first predicted transmembrane domain ( Supplementary Fig. S1A available at JXB online). Constructs for N-terminus truncated variants were generated by standard PCR techniques using forward primers annealing to LeAMT1;1, LeAMT1;2, and LeAMT1;3 at base pairs 139, 148, and 46, respectively, and containing an additional ATG. Domain swapping between LeAMT1;1 and LeAMT1;3 was performed by site-directed mutagenesis (Kunkel, 1985) . First the N-termini coding sequences of both LeAMT1;1 and LeAMT1;3 were completely deleted (45 or 12 amino acids, respectively, following the first methionine) using the reverse primers CA-GAGAAGAGGAGATATGTCATGAATTCCTGCAGCCCG or GCAGAGAATAAAAGGTAAATCATCTGCAGGGATCCAC-TAG for LeAMT1;1 or LeAMT1;3, respectively. The sequence encoding the LeAMT1;3 N-terminus was inserted directly after the first ATG of the N-terminally deleted LeAMT1;1 using the reverse primer CAGAGAAGAGGAGATATGTTGCATTTATGGAA-TCAGTTACACTAGCTTCCCATGAAGAATCCATGAATTC-CTGCAGCCCG. The sequence encoding the LeAMT1;1 Nterminus was inserted just after the first ATG of the N-terminally deleted LeAMT1;3 using the reverse primers GCAGAGA-ATAAAAGGTAAATAGAATCGATTGCATAACCGGTATCG-ACGAATCTGTCCGATACACCTGAAAATTGGTTGCAGAT-GTATGAAGCGGCGGCCATCTGCAGGGATCCACTAG and AGATGTATGAAGCGGCGGCGACGGCGTTGGTGGTGT-TAGGACCGAGGAACGGAGCGAGAGTATCGACGGAA-CAAGCCATCTGCAGGGATCCACTAG.
For the LeAMT1;1-N+1;3N construct, the single-stranded DNA of p426-LeAMT1;1-N was used as a template to insert a DNA fragment coding for 15 amino acids of the LeAMT1;3 Nterminus. For LeAMT1;3-N+1;1N, the single-stranded DNA of p426-LeAMT1;1-N was used as a template to insert a DNA fragment coding for 15 amino acids of the LeAMT1;3 N-terminus. For LeAMT1;3+1;1N, a DNA fragment coding for 45 amino acids of the LeAMT1;1 N-terminus was inserted upstream of the LeAMT1;3-N sequence.
The substitution of cysteine residues in the N-terminus of LeAMT1;1 was conducted by PCR-based site-directed mutagenesis. Both cysteines and one aspartic acid residue present in the Nterminus of LeAMT1;1 were mutated to alanine or serine in p426HXT7 using the following oligonucleotides: Cys3, GCA GGA ATT CAT GGC TTC TTC CGT CGA TAC TCT CG; Asp6, CAT GGC TTG TTC CGT CAG TAC TCT CGC TCC GTT CC; and Cys27, CGC CGC TTC ATA CAT CTC CAA CCA ATT TTC AGG TG for serine, and CGC CGC TTC ATA CAT CGC CAA CCA ATT TTC AGG TG for alanine. All sequences are 5#-3# and for each oligonucleotide a complementary strand was also synthesized. The complete ORFs and all mutations were confirmed by sequencing.
The triple-mep mutant 31019b (MATa ura3 mep1D mep2D:LEU2 mep3D::KanMX2; Marini et al., 1997) was used for yeast complementation, protein extraction, and influx studies. Yeast was transformed using the LiAc method (Gietz et al., 1992) and transformants were selected on uracil-deficient YNB medium containing 2% glucose and 0.1% arginine as a nitrogen source. For growth tests, a single colony of transformed cells was cultivated for 24 h in YNB containing 2% glucose and 0.1% proline as a nitrogen source, resuspended in sterile double-distilled water to obtain an A 600 of 2.0, and successively diluted to 1:10, 1:100, 1:1000, and 1:10 000. Cells were spotted on uracil-deficient YNB medium containing 2% glucose and the respective nitrogen source. For uptake experiments, a single colony of transformed cells was cultivated in liquid YNB medium containing 2% glucose and 0.1% proline as a nitrogen source, harvested at mid-log phase, washed at 4°C in ice-cold water, and resuspended on ice in uptake buffer consisting of 40 mM NaH 2 PO 4 (pH 7.0) to obtain A 600 ¼8.0. Before the uptake experiment, cells were incubated for 5 min at 30°C (500 rpm) after addition of glucose to a final concentration of 3%. Isolation of the microsomal membrane fraction from yeast cells Transformed cells were grown in YNB medium containing 2% glucose and 0.1% proline as a nitrogen source to an A 600 of 1.0. Cultures were harvested and the cells were washed twice with sterile water and once with extraction buffer (25 mM TRIS-HCl pH 8.0, 5 mM EDTA). After resuspension in extraction buffer, cells were disrupted by vortexing with glass beads. After centrifugations of the successive supernatants at 1000, 10 000, and 100 000 g at 4°C for 10 min, the pellet was resuspended in buffer containing 100 mM NaH 2 PO 4 pH 8.0, 50 mM NaCl, 3% n-Ddomecylmaltoside, and 13 protease inhibitor cocktail (leupeptin, aprotinin, antipain, pepstatin, chymostatin at 2 lg ml À1 each). For the isolation of plasma membrane fractions, the pellet after the 100 000 g centrifugation was resuspended in buffer A [2 mM EDTA, 25 mM imidazole pH 7.0, 13 protease inhibitor cocktail, 1 mM phenylmethylsulphonyl fluoride (PMSF)] and loaded onto a discontinuous sucrose gradient comprising 2.25, 1.65, and 1.1 M sucrose in buffer A. After overnight centrifugation at 80 000 g, the two interfaces (1.1 M/1.65 M interface and 1.65 M/2.2 M interface) and the 2.2 M phase were removed, diluted 4-fold, and pelleted at 30 000 g for 1 h. Membranes were resuspended in buffer B (0.1 mM EDTA, 25 mM imidazole-HCl pH 7.0, 50% glycerol, and freshly added 13 protease inhibitor cocktail including 1 mM PMSF) and stored at -20°C.
Isolation and fractionation of membrane proteins from tomato Tomato plants were grown hydroponically and pre-cultured under nitrogen deficiency for 3 d (von Wirén et al., 2000) . Total microsomal membrane fractions were isolated essentially according to von Wirén et al. (1998) . All operations were conducted at 4°C. The plant samples were ground in liquid nitrogen and mixed at 4°C with a buffer containing 250 mM TRIS-HCl, pH 8.5, 290 mM sucrose, 25 mM EDTA, before addition of freshly added 5 mM b-mercaptoethanol, 2 mM dithiothreitol (DTT) and 1 mM PMSF. The homogenate was centrifuged at 10 000 g for 15 min. The supernatant was filtered through a nylon membrane (58 lm) and recentrifuged at 100 000 g for 30 min. The pellet was resuspended in conservation buffer (5 mM BISTRIS propane pH 6.5, 20% glycerol, 250 mM sorbitol, and freshly added 1 mM DTT and 1 mM PMSF) and gently solubilized by using a PotterElvehjem homogenizer.
Protein gel blot analysis
Peptides representing the C-terminus of LeAMT1;1 (YHEE-DPKLGMQMRRIEPTTSTC), LeAMT1;2 (DEDEGSSMP-GFKMTRV), and LeAMT1;3 (CNARFYGEYLRMQQQ) were synthesized and a polyclonal antibody was raised (Biotrend, Cologne, Germany). The purification of the three antisera was conducted as described by Ludewig et al. (2003) . Protein content was determined according to Bradford. Membrane proteins were suspended in sample buffer (62.5 mM TRIS-HCl pH 6.8, 10% glycerol, 0.015 mM bromophenol blue, 2% SDS) and conserved at 0°C. Protein samples were subjected to reducing conditions by incubation in 5% b-mercaptoethanol at 37°C for 40 min or by heat treatment at 95°C for 1 min. The protein samples were fractionated via 10% SDS-polyacrylamide gel electrophoresis (PAGE) and the proteins were blotted onto PVDF Hybond-P membranes (Amersham Pharmacia Biotech). The membranes were first blocked by incubation in TBST [20 mM TRIS-HCl pH 7.6, 150 mM NaCl, 0.1% (w/v) Tween-20] containing 2% Enhanced Chemiluminescence (ECL) Advance-blocking agent (Amersham Pharmacia Biotech) for 1 h at room temperature, then incubated sequentially with primary antibody and peroxidase-conjugated secondary antibody for protein detection using an ECL kit.
Experiments using the mbSUS
The vector pXNubAgate was derived from the vector pXNgate (Obrdlik et al., 2004) by substituting Gly13 of the peptide NubG for alanine by 'QuickChange' site-directed PCR mutagenesis (Stratagene). To construct the control vector pX-NubA expressing soluble NubA, Gly13 of NubG in the vector pX-NubG (Stagljar et al., 1998) was exchanged for alanine by 'QuickChange' PCR mutagenesis (Stratagene). The vectors pXNgate, pX-NubWTgate, and pMetYCgate were used to construct NubG, NubWT, and CubPLV fusions, respectively. All mbSUS vectors, the yeast strains, and the cloning of ORFs are described by Obrdlik et al. (2004) . Interactions were either visualized via growth selection on media lacking adenine and histidine and supplemented with 75 lM methionine, or analysed with quantitative lacZ assays as described by Obrdlik et al. (2004) .
Results

A role for the N-terminus in the oligomerization of tomato AMT proteins
Based on the observation that AMT proteins oligomerize (Ludewig et al., 2003) investigations were carried out to determine whether high molecular mass protein forms differ among the three AMT proteins LeAMT1;1, LeAMT1;2 and LeAMT1;3 in tomato. Since the three LeAMT1 genes are expressed in different plant organs (von Wirén et al., 2000) , microsomal membrane fractions were prepared from roots for detection of the LeAMT1;1 and LeAMT1;2 proteins and from shoots for the detection of the LeAMT1;3 protein. Using antibodies that were targeted against the C-termini of the respective AMTs, LeAMT1;1 was detected as a complex with an approximate molecular mass of 120 kDa when analysed using standard denaturing conditions, consistent with a trimeric complex (Khademi et al., 2004; Andrade et al., 2005; Loqué et al., 2007; Neuhäuser et al., 2007) . Predominantly monomeric (40 kDa) and dimeric (80 kDa) forms were observed when protein samples were heated or treated with b-mercaptoethanol ( Fig. 1A ; Ludewig et al., 2003) . Denaturation of LeAMT1;2 led to a similar decrease of the high molecular mass form to dimeric and monomeric forms which were also detectable under non-denaturing conditions in the sample buffer, however at lower abundance (Fig. 1B) . In accordance with their calculated molecular mass of 52, 55, and 48 kDa for LeAMT1;1, LeAMT1;2, and LeAMT1;3, respectively, the monomers migrated at the expected relative sizes. The difference between calculated and apparent molecular mass is explained by the highly hydrophobic nature influencing the mobility in SDS-PAGE as also observed for AmtB from E. coli . Unexpectedly, LeAMT1;3 protein was detectable only in the dimer and monomer forms but not the high molecular mass form. Comparison of the three AMTs showed that LeAMT1;3 differed with respect to the length of the N-terminus, which appeared as the most prominent structural difference not only from the other two homologues from tomato but also from AMTs from other plant species (Loqué and von Wirén et al., 2004; Supplementary Fig. S1A at JXB online).
To be able to use a common antibody for detection of all LeAMT proteins, a His tag was fused N-terminally to LeAMT1;1, LeAMT1;2, and LeAMT1;3. Functionality of the His-tag-AMT fusions was verified by expression in the yeast strain 31019b defective in high-affinity ammonium uptake (Marini et al., 1997) . Expression of all three LeAMT1 homologues conferred growth complementation on 0.4 mM or 1.0 mM ammonium, similar to the wild-type LeAMT1 proteins ( Fig. 2A; von Wirén et al., 2000) . The relative efficiency of complementation differed: LeAMT1;3 was most active (data not shown). Consistent with its high activity, LeAMT1;3 conferred sensitivity at just >20 mM ammonium supply, while LeAMT1;1 and LeAMT1;2 started to impair yeast growth at >300 mM ammonium ( Fig. 2A) . To verify if growth arrest was due to ammonium toxicity, transformants were plated on increasing concentrations of the toxic analogue MEA (Fig. 2B) . Relative to the growth of yeast cells transformed with the empty vector, expression of all three LeAMTs increased MEA sensitivity. The apparently highest transport capacity by LeAMT1;3 might be explained by different biochemical properties of the protein, a higher translation efficiency, more efficient protein targeting, or a different post-translational regulation of LeAMT1;3 in yeast compared with the other two AMTs. Using the anti-His antibody, a protein gel blot analysis of the non-denatured His-tagged wild-type LeAMT1;1 protein that was isolated from the microsomal membrane fraction of yeast was undertaken. This confirmed the presence of a putative trimer of ;120 kDa that was detected at a slightly higher molecular mass than the wildtype protein due to the His tag (Fig. 2C ). This observation supported that the His-tagged LeAMT1;1, when expressed in yeast, maintained the same oligomerization state as LeAMT1;1 in planta (Fig. 1A) .
To test an involvement of the N-terminus in stabilization of the oligomers, N-terminally truncated versions of all three His-tagged LeAMT1 proteins were expressed in the yeast strain 31019b and grown on limiting ammonium supply. Complete removal of the soluble N-termini of LeAMT1;1, LeAMT1;2, and LeAMT1;3 led to a loss of the ammonium transport function and restored MEA tolerance ( Fig. 2A, B) . In protein gel blot analysis, the N-truncated Fig. 1 . Oligomerization of LeAMT1;1, LeAMT1;2, and LeAMT1;3 in vivo. Wild-type tomato plants were grown hydroponically under nitrogen deficiency for 3 d (A), or under nitrogen deficiency for 3 d followed by a re-supply of 2 mM ammonium for 2 h (B) or for 12 h (C). Microsomal membrane fractions were extracted from (A, B) roots or (C) shoots, protein samples were treated with different temperatures (0, 37, or 95°C) in the presence or absence of 2.5% b-merecaptoethanol (+ or -), analysed by SDS-PAGE, and the protein gel blot was assayed with the following antibodies: (A) antiLeAMT1;1, (B) anti-LeAMT1;2, (C) anti-LeAMT1;3.
LeAMT1;1 variant was detected as monomers and dimers with molecular masses of ;35 kDa and ;70 kDa, respectively (Fig. 2C) . The apparent lower molecular mass corresponds to the deletion of the N-terminus (45 amino acids). In contrast to wild-type LeAMT1;1, no high molecular mass complexes above a dimer were detected for the N-truncated version of LeAMT1;1. Even though removal of the N-terminus appeared to be accompanied by a decrease of protein stability, this observation pointed to an involvement of the N-terminus in the formation or stability of the wild-type LeAMT1;1 trimer.
N-terminal domain swapping between LeAMT1;1 and LeAMT1;3
As an alternative approach to investigate an involvement of the N-terminus in LeAMT1 complex stability, the Nterminal domain of LeAMT1;1 (45 amino acids) was substituted by the N-terminus of LeAMT1;3 (15 amino acids). Protein gel blot analysis using the anti-LeAMT1;1 antibody failed to detect any trimeric complex of the chimeric protein, instead detecting only monomeric and dimeric complexes (Fig. 3A) . To test whether the Nterminus of LeAMT1;1 is sufficient for stabilization of the oligomer, the N-terminus of LeAMT1;3 was substituted by the one from LeAMT1;1. Indeed, the chimeric LeAMT1;3 protein complex became stabilized as evidenced by detection of a putative trimer at ;120 kDa ( Fig. 3B ; Supplementary Fig. S2 at JXB online). While the removal of the N-termini in LeAMT1;1, and LeAMT1;3 led to a loss of the ammonium transport function, the N-terminal domain swapping between LeAMT1;1 and LeAMT1;3 did not affect the ammonium transport function. As revealed by yeast growth complementation assays, the chimeras of LeAMT1;1 with the N-terminus of LeAMT1;3 and LeAMT1;3 with the N-terminus of LeAMT1;1 remained functional ( Supplementary Fig. S3 at JXB online).
Substitution of N-terminal cysteine residues in LeAMT1;1 causes loss of oligomerization Since LeAMT1;1 trimers could be converted to lower molecular mass forms by heat denaturation or b-mercaptoethanolmediated reduction of proteins prior to SDS-PAGE ( Fig. 1 ; Ludewig et al., 2003) , it was hypothesized that disulphide bonds, such as those formed between thiol groups of cysteine residues in neighbouring peptides, might stabilize the oligomeric forms. A detailed comparison of the amino acid sequences between LeAMT1;1 and LeAMT1;2 revealed that among seven conserved cysteine residues, two are found in the N-terminus of both proteins while being absent in LeAMT1;3 (Supplementary Fig. S1A ). Moreover, these two N-terminal cysteines are also highly conserved in the sequences of the AMT1 subfamily from Arabidopsis and rice, while they are absent in AMT2 homologues ( Supplementary Fig. S1B ). To test their role, site-directed mutagenesis was employed to substitute the two N-terminal cysteines in LeAMT1;1 with serine Fig. 2 . Functional complementation and oligomerization of LeAMT wild-type proteins and their N-truncated variants. Colonies of the yeast strain 31019b (mep1, mep2::LEU2, mep3::KanMX2, ura3) transformed with empty p426, or p426 harbouring the coding sequence of LeAMT1;1, LeAMT1;1 without its N-terminus (LeAMT1;1-N), LeAMT1;2, LeAMT1;2 without its N-terminus (LeAMT1;2-N), LeAMT1;3, or LeAMT1;3 without its N-terminus (LeAMT1;3-N) were spotted on media at pH 6.5 supplemented with (A) different concentrations of ammonium, (B) 0.01% proline and different concentrations of MEA. (C) Protein samples from microsomal membrane fractions were extracted from yeast cells transformed with empty p426, p426 harbouring the coding sequences of LeAMT1;1, or LeAMT1;1 without its N-terminus (LeAMT1;1-N) and analysed by SDS-PAGE under non-reductive conditions. The protein gel blot was assayed with the anti-His antibody. Magic Marker (MM; Invitrogen GmbH) was used as a marker for protein sizes.
(LeAMT1;1C3S and LeAMT1;1C27S). To control for the effect of the introduction of serine, a serine was also introduced at a neighbouring position (LeAMT1;1D6S). In addition, a cysteine to alanine substitution was performed at position 27 (LeAMT1;1C27A). When expressed in yeast the substituted LeAMT1;1 proteins C3S, D6S C27A, and C27S did not generate any visible difference in growth on ammonium or in the presence of MEA relative to the wild type (Fig. 4A, B) . Gel blot analysis of proteins that were not pre-treated with b-mercaptoethanol or heat revealed the presence of the expected trimer in wild-type LeAMT1;1, while the corresponding high molecular mass complex was not observed in C3S, C27A, and C27S, and D6S showed only a faint signal (Fig. 4C) . At higher polyacrylamide concentrations (10%), two monomeric forms of the wildtype protein became visible. However, this observation was not related to the N-terminal cysteine substitution. Moreover, defined additional LeAMT1;1 protein fragments of Fig. 4 . Functional complementation and oligomerization of LeAMT1;1 variants with cysteine-substituted N-termini. Colonies of the yeast strain 31019b (mep1, mep2::LEU2, mep3::KanMX2, ura3) transformed with empty p426, or p426 harbouring the coding sequence of LeAMT1;1, LeAMT1;1C3S, LeAMT1;1D6S, LeAMT1;1C27A, or LeAMT1;1C27S were spotted on media at pH 6.5 supplemented with (A) different concentrations of ammonium, (B) 0.01% proline and different concentrations of MEA. (C) Protein samples from microsomal membrane fractions were extracted from the transformed yeast cells, analysed by SDS-PAGE under non-reductive conditions, and the protein gel blot was assayed with the anti-LeAMT1;1 antibody. Magic Marker (MM; Invitrogen GmbH) was used as a marker for protein sizes. Fig. 3 . Oligomerization of LeAMT1;1 and LeAMT1;3 proteins with reciprocally substituted N-termini. The yeast strain 31019b (mep1, mep2::LEU2, mep3::KanMX2, ura3) was transformed with empty p426, or p426 harbouring the coding sequence of wild-type LeAMT1;1, LeAMT1;1 without its N-terminus (LeAMT1;1-N), LeAMT1;1-N with the N-terminus of LeAMT1;3 (LeAMT1;1-N+1;3N), wild-type LeAMT1;3, LeAMT1;3 without its N-terminus (LeAMT1;3-N), or LeAMT1;3-N with the N-terminus of LeAMT1;1 (LeAMT1;3-N+1;1N). Protein samples from microsomal membrane fractions were prepared and analysed by SDS-PAGE under nonreductive conditions. The protein gel blot was assayed with (A) the anti-LeAMT1;1 antibody or (B) the anti-LeAMT1;3 antibody. Magic Marker (MM, Invitrogen GmbH) was used as a marker for protein sizes.
C3S, C27A, and C27S appeared at <40 kDa, indicating that the mutants were more sensitive to N-terminal proteolysis. Using the anti-His antibody, no more peptide fragments were detected below the 40 kDa monomer, indicating that the low molecular mass fragments detected with the antiLeAMT1;1 antibody represented N-terminally truncated monomers ( Supplementary Fig. S4 at JXB online). As expected, a His-tagged trimer band at ;120 kDa was detectable in the wild-type protein and to a lower extent in LeAMT1;1D6S, while the trimer was absent in the cysteinesubstituted proteins.
A comparison of microsomal membrane fractions derived from yeast cultures expressing wild-type LeAMT1;1 or its amino acid-substituted versions using dot blot analysis showed similar amounts of expressed LeAMT1;1 protein (Fig. 5A, B) . Thus, the N-terminal cysteine modification apparently did not affect the absolute quantity of expressed LeAMT1;1 protein. To verify an effect of the cysteine substitutions on membrane targeting, membrane protein fractions were separated by sucrose gradient centrifugation, leading to a plasma membrane-enriched fraction as indicated by expression levels of the plasma membrane ATPase Pma1p (Fig. 5D) . Besides accumulating at high abundance in the plasma membrane-enriched fraction, wildtype LeAMT1;1 and LeAMT1;1C27S proteins accumulated to an even higher extent in the endosomal membraneenriched fraction (interphase fraction 1; Fig. 5C ). The latter was probably a consequence of the high expression level and protein accumulation in the endoplasmic reticulum. Nevertheless, a similar amount of the wild-type and cysteine-substituted protein was partitioned into the plasma membrane-enriched fraction. Taken together, evidence for an altered amount of AMT protein expression in yeast or an altered targeting of LeAMT1;1C27S to the plasma membrane was not found.
Cysteine substitutions alter transport properties of LeAMT1;1
Since growth complementation integrates ammonium uptake over a couple of days and is therefore not sufficiently sensitive to detect small differences in high-affinity transport properties, uptake experiments of heterologously expressed LeAMT1;1 proteins were performed by short-term uptake studies using 14 C-labelled MEA. At 500 lM MEA, wildtype LeAMT1;1 conferred high rates of substrate uptake, while the cysteine substitutions C3S and C27S led to a dramatic reduction in MEA uptake (Fig. 6A) . A similar reduction in MEA uptake was observed in C27A; thus, the lack of the cysteine rather than the introduction of a serine residue appeared to be responsible for a decrease in MEA uptake. This difference was further substantiated by LeAMT1;1D6S, which had an uptake activity similar to that of wild-type LeAMT1;1. The net uptake capacity of wild-type LeAMT1;1 amounted to ;6 nmol MEA 10 À3 cells min À1 at an apparent substrate affinity of ;18.5 lM (Fig. 6B) . However, V max values of the cysteine-substituted versions were strongly decreased, while apparent K m values Microsomal membrane fractions sampled from yeast cells transformed with p426 harbouring the coding sequence of LeAMT1;1 or LeAMT1;1C27S were loaded on a sucrose gradient (1.1, 1.65, and 2.2 M) and three interphases were harvested (1, 2, and 3). Interphases 1 and 2 represent the endosomal and plasma membrane-enriched fraction, respectively. After running SDS-PAGE and blotting, proteins were assayed using the (C) anti-LeAMT1;1 antibody or (D) anti-Pma1 antibody. Magic Marker (MM; Invitrogen GmbH) was used as a marker for protein sizes. remained constant. With regard to a similar amount of AMT protein being expressed in yeast and targeted to the plasma membrane (Fig. 5) , these transport studies suggested that the two N-terminal cysteine residues in LeAMT1;1 might also be involved in modulating transport capacity but not substrate affinity.
Involvement of N-terminal cysteines in LeAMT1;1-protein interactions
The above results suggested that the N-terminal cysteines C3 and C27 in LeAMT1;1 are important for oligomer formation and stability. This raised the question of whether these cysteines play a direct role in regulating physical interactions between LeAMT1;1 molecules and whether the C3S and C27S mutants can still interact with the wild-type LeAMT1;1. The yeast mbSUS allows the analysis of interactions between membrane proteins (Obrdlik et al., 2004) . A previous study identified LeAMT1;1 homomerization; however, the signal was comparatively weak (Ludewig et al., 2003) . To increase the strength of LeAMT1;1 interactions, a variant of the N-terminal Nub domain, NubA, which has a higher affinity for Cub was used (Raquet et al., 2001) . To analyse the effect of different mutants on the stability of LeAMT1;1 interactions, LeAMT1;1-NubG, LeAMT1;1-NubA, and LeAMT1;1-NubWT fusions were tested against CubPLV fusions of LeAMT1;1. Soluble NubG and NubWT peptides as well as a potassium channel and a sucrose transporter were used as negative and positive controls. Interactions were detected by growth on interaction-selective media and quantitated by lacZ assays (Fig. 7A, B) . Consistent with previous results Fig. 7 . Specific detection and quantification of LeAMT1;1 homomerization using the novel vector pX-NubAgate. LeAMT1;1 was cloned into the vectors pXNgate, pX-NubAgate, and pX-NubWTgate, and the resulting fusions LeAMT1;1-NubG, LeAMT1;1-NubA, and LeAMT1;1-NubWT were tested against the fusions AMT1;1-CubPLV, KAT1-CubPLV, and SUT2-CubPLV. KAT1 is a K + channel and SUT2 is a sucrose transporter from Arabidopsis.
(A) The interactions were visualized via growth selection on media lacking adenine and histidine and supplemented with 75 lM methionine, (B) and by quantitative assay using o-nitrophenylglucoside (ONPG) as a substrate. Vectors pNXgate and pNubWTXgate expressing the soluble NubG and NubWT peptides were used as negative and positive controls, respectively. ( Ludewig et al., 2003) , growth assays revealed interaction between LeAMT1;1-NubG and LeAMT1;1-CubPLV (Fig. 7A ). However, this interaction was too weak to be quantitatively determined via the lacZ assay (data not shown). Interaction-dependent growth was observed with cells expressing LeAMT1;1-NubA with LeAMT1;1-Cub and, to a lesser extent, with SUT2-CubPLV. In quantitative terms, LeAMT1;1-NubA interacted with LeAMT1;1-CubPLV at a >5-fold higher affinity than with AtSUT2-CubPLV or AtKAT1-CubPLV (Fig. 7B) . The NubWT fusion of LeAMT1;1 interacted with all bait constructs in growth tests as well as in the lacZ assay. These results demonstrated that pXNubAgate is suited for LeAMT1;1 homomerization studies by quantitative lacZ assays.
To verify the role of N-terminal cysteine residues in LeAMT1;1 oligomerization, C3S, C27S, wild-type LeAMT1;1, and the K + channel KAT1 were fused to NubA, and the corresponding ORF-NubA fusions were tested quantitatively for their interaction with LeAMT1;1-CubPLV and C27S-CubPLV. In this assay an empty pXNubA vector expressing the soluble NubA peptide served as a negative control. Cells co-expressing LeAMT1;1-CubPLV and LeAMT1;1-NubA showed the highest lacZ activity which corresponds to a strong interaction between both wild-type LeAMT1;1 proteins. In contrast, the co-expression of LeAMT1;1-CubPLV with C3S-NubA or C27S-NubA showed a reduction in lacZ activities by 60% or 40%, respectively (Fig. 8A) . Thus, wild-type LeAMT1;1 interactions with LeAMT1;1C27S were almost as weak as with the Arabidopsis potassium channel KAT1 or unsubstituted NubA. In a parallel approach LeAMT1;1C27S was used as a bait. When tested against wild-type LeAMT1;1-NubA, lacZ activity was quite low and close to the background level as determined by KAT1-NubA or NubA interaction tests (Fig. 8B) . Interestingly, lacZ activities with C3S-NubA or C27S-NubA were significantly higher, suggesting that upon cysteine substitution of both LeAMT proteins the dynamics among subunits increased to form a multimeric complex. The interactions among C3S and C27S variants were consistent with the observation of homodimeric complex formation in protein gel blot analysis of C3S and C27S mutants (Figs 4C, 5C ).
Discussion
Oligomerization of AMT/MEP/Rh-type ammonium transport proteins has been shown to occur in all family members investigated so far. While immunological data on human Rh proteins suggested their assembly in tetramers (Eyers et al., 1994) , X-ray crystal structures have shown that three of the AMT proteins that belong to the MEP subfamily assemble in trimers (Khademi et al., 2004; Zheng et al., 2004; Andrade et al., 2005) . Using these crystal structures as a template, homology modelling suggested that LeAMT1;1, a member of the AMT subfamily, also forms trimers (Mayer et al., 2006) . Indeed, protein gel blot analysis detected LeAMT1;1 and LeAMT1;2 proteins from Fig. 8 . Protein-protein interactions among LeAMT1;1 and cysteine-substituted variants using the mating-based split ubiquitin system. Interaction of (A) LeAMT1;1-CubPLV or (B) LeAMT1;1C27S-CubPLV with NubA fused with LeAMT1;1C3S, LeAMT1;1C27S, or the wild-type LeAMT1;1 protein. KAT1-NubA fusion and soluble NubA were negative controls. Liquid b-galactosidase assay was performed using o-nitrophenylglucoside (ONPG) as substrate and the activity measured for LeAMT1;1-CubPLV and LeAMT1;1-Nub used as a reference.
Cysteine-dependent trimer stability of ammonium transporter LeAMT1;1 | 1369 tomato roots at the expected size of their monomer but also at a 2-and 3-fold larger size, strongly suggesting dimer and trimer formation (Fig. 1) . Since LeAMT1;1 was detected with the same mass when heterologously expressed in yeast ( Figs 2C, 4C ), the interaction with an unknown plant protein was unlikely to explain the higher molecular mass forms of LeAMT1;1. Moreover, formation of the putative trimer increased at the expense of the monomer and dimer when protein samples were not denatured prior to electrophoresis (Fig. 1) . The same dependence on denaturation by heat or reductants of a higher order structure was demonstrated for the E. coli AmtB protein . Despite the common observation that AMT/MEP/Rh proteins oligomerize, structural elements or binding forces involved in the assembly of these monomers remained poorly understood. This study highlights a critical role for the N-terminus and for two N-terminal cysteine residues in the stability of trimeric complexes of plant AMT proteins.
The stability of AMT protein complexes depends on N-terminal cysteine residues
The approach used in the present study was designed to investigate the stability of AMT1 protein complexes under denaturing conditions. Three independent observations indicated that the stability of LeAMT1;1 complexes depends on interactions mediated via the N-terminus. First, assessing the oligomerization state of three different AMTs isolated from native membranes revealed that only LeAMT1;1 and LeAMT1;2, which both possess an extended N-terminus, yielded a trimeric complex in SDS-PAGE. In LeAMT1;3, which naturally carries only 15 amino acid residues in its N-terminus (von Wirén et al., 2000) , a trimeric form could not be detected (Fig. 1) . Although protein gel blot analysis cannot provide a definitive proof for the non-existence of an LeAMT1;3 oligomer in planta, a hypothetical LeAMT1;3 trimer must then be less stable than the corresponding trimers of the other two LeAMT1 proteins. Secondly, an N-terminally truncated variant of LeAMT1;1 appeared as monomers and dimers but no longer as stable trimers when expressed in yeast (Fig. 2C) . Removal of the N-terminus decreased the detectability of the protein, in particular when using the anti-His antibody ( Supplementary Fig. S2 at JXB online), probably because of a smaller spatial distance between the His tag and the first transmembrane-spanning domain. Nevertheless, the anti-LeAMT1;1 antibody also failed to detect a trimer as a consequence of artificial truncation of the N-terminus (Fig. 2C) . Thirdly, swapping the N-terminus of LeAMT1;1 to LeAMT1;3 stabilized trimeric protein complexes, while the reciprocal approach provoked their loss, as shown when LeAMT1;1 was substituted with the Nterminus of LeAMT1;3 ( Fig. 3; Supplementary Fig. S3 ). Thus, the N-terminus of LeAMT1;1 was able to increase trimer stability, which might be best explained by shifting an equilibrium between mono-, di-, and trimers to the trimeric complex.
A comparison of the N-terminal sequences of plant AMT1 proteins pointed to two highly conserved cysteine residues that occur at similar positions in almost all plant members of the AMT1 clade (Ludewig et al., 2001 ; Supplementary Fig. S1 at JXB online). A critical role for the two N-terminal cysteine residues C3 and C27 in oligomer stability was supported by the observation that C3S, C27A, and C27S mutants of LeAMT1;1, which still remained functional (Fig. 4A) , were no longer detected as trimeric complexes (Fig. 4C) . Dot blot assays as well as protein gel blots of plasma membrane-enriched protein fractions did not provide any evidence that the absence of these two cysteine residues was associated with a decreased protein synthesis, protein stability, or mistargeting (Fig. 5) . In fact, cysteine-substituted LeAMT1;1 variants retained their ammonium transport function even with the original substrate affinity (Fig. 6B) . In contrast, ammonium transport capacities were strongly decreased, but apparently still sufficient to complement growth of the triple-mep yeast mutant on low ammonium supply, because in this assay ammonium uptake integrated over a time period of several days (Fig. 4A ). This suggests that the overall transport capacity of the AMT protein complex was reduced either by a lower stability of active trimers in the plasma membrane as a consequence of the lack of disulphide bridges or by a lower transport capacity of the individual monomers as they could not form a trimeric complex.
The loss of detectable trimers of cysteine-substituted LeAMT1;1 variants and the predicted outward orientation of the N-terminal cysteine residues in LeAMT1;1 and its Arabidopsis paralogue AtAMT1;1 (Mayer et al., 2006; Loqué et al., 2007) suggested that disulphide bonds might stabilize a trimer as a higher order quaternary structure. An involvement of extracellular cysteine residues in protein oligomerization has been reported for human membrane proteins, for which altered oligomer:dimer:monomer ratios were found in protein gel blot analyses of cysteinesubstituted protein variants (Giguere et al., 2004; Bhatia et al., 2005) . For example, protein dimerization of the human breast cancer resistance protein, a member of the ABC transporter family, was lost after substitution of an extra-cytoplasmic cysteine residue (Kage et al., 2005) . In these cases, protein denaturation by heat or incubation with reductants allowed transformation of the higher order structure into dimers or monomers, which is indicative of disulphide bonds being involved in oligomer formation. Moreover, cysteine substitution was not associated with a loss of protein function but rather with a decrease in their activity, similar to the situation in LeAMT1;1 (Fig. 6 ). In line with these experiments, it is suggested that the two Nterminal cysteine residues stabilize the trimeric structure of LeAMT1;1 by cross-linking monomers via disulphide bonds, while dimerization is supported by additional, non-N-terminal binding forces.
A comparison among AMT, MEP, or Rh family members shows that conserved cysteine residues are only found in the N-termini of AMT1 family members of plants (Gazzarrini et al., 1999; von Wirén et al., 2000; Salvemini et al., 2001; Suenaga et al., 2003; D'Apuzzo et al., 2004) , while the only plant member of the MEP subfamily, AMT2, lacks N-terminal cysteine residues ( Supplementary Fig. S1A at JXB online; Sohlenkamp et al., 2000) . In addition, Nterminal cysteine residues are absent in most MEP as well as AMT homologues from prokaryotes ( Supplementary  Fig. S1B ), including the crystallized AmtB and Amt-1 proteins from E. coli and Archaeoglobus fulgidus, respectively (Khademi et al., 2004; Andrade et al., 2005) . Thus, trimer stabilization of MEP-type or non-plant AMT-type ammonium transporters must be independent of the presence of N-terminal cysteines.
The role of physical interactions in the stability of an LeAMT1;1 oligomer Since protein gel blot studies of partially or completely denatured proteins do not reflect protein interactions as they might occur in vivo, a direct approach was chosen to investigate the role of C3 and C27 in the interaction between AMT1;1 polypeptides. For this purpose, the mbSUS was further improved by employing the NubA protein as bait which has a higher affinity for the Cub protein than the previously used NubG (Obrdlik et al., 2004) . Testing interactions between wild-type LeAMT1;1 proteins with the quantitative lacZ assay allowed an increased selectivity in the interaction of LeAMT1;1 with other membrane proteins and also expressed the previously reported interaction between LeAMT1;1 molecules (Ludewig et al., 2003) in quantitative terms (Fig. 7B) . As shown by a 40-60% decrease in lacZ activity, substitution of C3 or C27 directly weakened the physical interactions between LeAMT1;1 molecules (Fig. 8A) . One of the surprising findings in this work is that the substitution of the Nterminal cysteines C3 and C27 did not simply disrupt the formation of higher order oligomers but that these mutants were still able to interact in the split-ubiquitin system (Fig. 8B) and to form dimeric complexes that were stable in protein gel blots (Figs 4C, 5C ). Taken together, this suggests that the stability of a trimeric complex in the plasma membrane is responsible for the increase in lacZ activity since dimeric complexes were independent of the N-terminus of the AMT. The N-terminal cysteines would thus stabilize the trimeric complex and would consequently reduce interaction between wild-type and the cysteine mutant proteins. However, in the absence of cysteines, trimers might still occur but with a faster turnover, thereby reducing the time for the reconstitution of the ubiquitinase (Cub+NubA) required for the release of the transcription factor (VP). Control experiments with the D6S mutant indicated that the effects of the C3 and C27 mutants were specific to the cysteine residues at these positions (Fig. 4C) . A tempting speculation may be that C3 and C27 form an intermolecular disulphide bridge. Such an intermolecular bridge could form a tertiary structure between the N-termini necessary for stability and transport activity of the trimeric protein.
The reduction of this disulphide bond in favour of an intramolecular disulphide bond would destabilize the trimer and change the structure back to monomeric and dimeric protein complexes of wild-type LeAMT1;1. A bridging of the cysteine residues C3 and C27 would thus explain why the C3S and C27S mutants still interacted with each other but less with wild-type LeAMT1;1, as the wildtype protein was of higher stability or formed a trimeric complex.
In general, substitution of cysteine residues mimicks their reduced state in polypeptides. Thus the observed dimers of mutants may structurally correspond to the wild-type AMT dimers which are formed after the reduction of disulphide bridges with b-mercaptoethanol (Fig. 1) . Together, these results strongly argue that C3 and C27 are involved in the stability of a trimeric AMT complex via disulphide bridges.
The physiological importance of physical interactions among ammonium transporter polypeptides may be seen mainly in the context of their post-translational regulation. In E. coli the trimerization of AmtB coincides with the trigonal symmetry of its regulatory protein GlnK . So-called T-loops of GlnK can penetrate deeply into the cytoplasmic exit pores of each AmtB subunit to sterically block the substrate flow through each of the three pores (Conroy et al., 2007) . Complex formation with AmtB and inhibition of ammonium import is relieved upon uridylylation of GlnK under nitrogen-deficient growth conditions, subsequently allowing substrate influx as well as ammonium sensing by AmtB (Javelle et al., 2004) . The trigonal symmetry may thus be seen as a structural coevolution. Additionally, the two genes are invariably linked in the same operon, further supporting their functional relationship (Thomas et al., 2000; Coutts et al., 2002) .
Oligomerization may also be seen as a prerequisite for the allosteric regulation of ammonium transporters in plants. A recent mutational study on the regulatory role of a threonine residue in the C-terminus of AtAMT1;1 showed that the protein becomes inactivated upon phosphorylation of this residue and oligomerization was required to allow the C-termini to interact with their neighbouring subunits and to activate the protein complex (Loqué et al., 2007; Lanquar et al., 2009) . Co-expression of a mutated variant mimicking constitutive phosphorylation of AtAMT1;1 inhibited ammonium transport by the wild-type protein in a dominant-negative manner, indicating transinactivation of the non-phosphorylated subunits. In other words, trimerization provides in this case the structural basis for a cooperative regulation among AMT monomers (Loqué et al., 2007) . A remaining open question must then be seen in the functionality of LeAMT1;3 given that an altered steric conformation might not allow the interaction with the nonphosphorylated C-terminus of the neighbouring subunit that is required to mediate transactivation. Interestingly, a closer look at the critical amino acid residues forming the pore region of LeAMT1;3 revealed substitution of a critical amino acid (A109V) located in the transmembrane helix III, similar to the A138P substitution at the corresponding position in AtAMT1;1 (Loqué et al., 2007 ). In AtAMT1;1, this mutation suppresses the requirement for a transactivation by the C-terminus of a neighbouring subunit and increases ammonium and MEA transport when expressed in yeast . Actually, this is highly reminiscent of the phenotype conferred by LeAMT1;3 expression in yeast ( Fig. 2A, B) . Thus, LeAMT1;3 functionality might have become independent of trimer formation and allosteric transactivation due to an altered regulation of the pore.
Supplementary data
Supplementary data are available at JXB online. Figure S1 . N-terminal cysteine residues in the N-termini of AMT/MEP/Rh proteins. Figure S2 . Oligomerization of LeAMT1;1 and LeAMT1;3 proteins with reciprocally substituted N-termini as determined by their His tag. Figure S3 . Functional complementation of LeAMT1;1 and LeAMT1;3 proteins with reciprocally substituted Ntermini. Figure S4 . Oligomerization of LeAMT1;1 variants with cysteine-substituted N-termini. Figure S5 . Sublocalization of LeAMT1;1 variants with cysteine-substituted N-termini.
